The structure and interlayer exchange coupling in MBE-grown Fe͞SiFe͞Fe has been investigated. From structural analysis with LEED and from magnetic analysis with the magneto-optical Kerr effect, it is concluded that the Si spacer transforms into an ordered Si 0.5 Fe 0.5 alloy. A strong antiferromagnetic coupling is found (maximum 22.0 mJ͞m 2 ), the strength of which varies exponentially as a function of the spacer thickness. This behavior can be explained within the framework of recent coupling theories. Oscillatory interlayer exchange coupling in metallic magnetic multilayers as a function of the spacer thickness has been observed for a whole range of materials [1] . The origin of the oscillation is intimately related to the wave nature of spin-polarized conduction electrons in the spacer and the oscillation period is determined by extremal spanning vectors, critical vectors, of the spacer Fermi surface (FS) [2] , and references therein.
However, the thickness dependence of the coupling strength is theoretically not necessarily oscillatory. Exponents have also been predicted, even for metals [2] [3] [4] . Bruno and Slonczewski predict exponential behavior on the basis of tunneling electron waves [2, 3] . Shi et al. showed that a peak in the density of states (DOS) close to the Fermi energy can also give rise to exponential behavior via a superexchange mechanism [4] .
So far, observations of exponentially decaying, nonoscillatory, ferromagnetic (F), or antiferromagnetic (AF) interlayer coupling are rare. Although monotonically decreasing F coupling across Pt and Pd spacers has been found [5, 6] , one has to note that Pt and Pd are strongly polarizable and, in the case of F coupling, direct coupling through ferromagnetic bridges, pinholes, can be responsible. Another possible example is Fe͞Cr, which sometimes displays a short period oscillation with a small AF bias [7, 8] . However, the AF bias has also been ascribed to a long period oscillation or to interface roughness [7, 8] .
In this Letter, we show that the interlayer coupling in Fe͞SiFe͞Fe is strongly AF and decreases exponentially with increasing spacer thickness. This supports recent predictions by Shi et al. [9] and can also be interpreted in terms of the Bruno electron-optics model [2] .
The interlayer exchange coupling in Fe͞Si multilayers and sandwiches has been studied extensively [10 -17] . In general, for small nominal Si layer thicknesses iron silicide (SiFe) is formed, whereas for larger thicknesses amorphous Si (a-Si) is deposited. Across SiFe spacers a single strong AF coupling peak (20.5 mJ͞m 2 ) has been observed [12 -17] , and for a-Si spacers a weak oscillatory coupling (maximum 25 mJ͞m 2 ) is found [10, 11] . The interpretation of the coupling behavior is still a matter of debate. For SiFe, in particular, the thickness dependence (oscillatory or not) is not yet clear.
For our experiments a MBE-grown sample was composed as follows: Ge(100)͞80 Å Fe͞0-40 Å Si wedge͞ 0-80 Å Fe wedge͞20 Å Au. The wedges were aligned perpendicularly and allow independent, accurate variation of the thicknesses to study the coupling behavior (Si wedge) or the SiFe formation (Fe wedge). The substrate was held at room temperature except during the deposition of the bottom Fe layer and the Si wedge when it was held at 200 ± C. Use was made of a sulfur surfactant [18] . During growth the sample was studied with LEED and, after completion, with the longitudinal magneto-optical Kerr effect at room temperature.
Analysis with LEED resulted in sharp (100) patterns of the Ge substrate and bottom Fe layer. No clear LEED pattern of the Si wedge was found. After deposition of the top Fe layer, however, the same Fe LEED pattern surprisingly reappeared. This suggests that the nominal Si spacer with an ill-defined structure transforms into a crystalline, epitaxial SiFe structure when depositing Fe. Further growth of Fe proceeds epitaxially. Such a crystallization is in agreement with earlier observations [12, 17] . The pattern of the top Fe layer was observed up to 30 Å nominal Si thickness-20 Å for sputtered samples [13, 17] -but disappeared for larger thicknesses. Presumably, at this thickness the spacer also contains a-Si. Therefore, our coupling results are limited to ,30 Å nominal Si.
In Fig. 1 a magneto-optical Kerr hysteresis loop evidencing AF coupling is shown. For positive fields the loop displays two well-defined states, the antiparallel (AP) and parallel (P) alignment state of the magnetic moments of the two Fe layers, which are connected through a linear transition. While the thicker 80 Å bottom Fe layer is effectively pinned by the field, the thinner 25 Å top Fe layer reverses its moment. The shift of the linear transition from zero 0031-9007͞97͞78(15)͞3023(4)$10.00 by H j is related to the bilinear (AF) coupling strength J. Defining the coupling field H j as halfway through the linear transition one has J 2t Fe m 0 M s H j , where t Fe is the top Fe layer thickness and m 0 M s the saturation magnetization of Fe. For stronger coupling at smaller spacer thickness, the linear transition becomes more rounded. While the origin of this is not clear, from such loops the coupling strength cannot be determined. Hence, coupling data are only given above a certain thickness (.10 Å).
The transition from the AP to the P state and therefore the difference of the Kerr signals in both states, DKerr, is due to the top Fe layer. In Fig. 2 DKerr is plotted against the nominal Fe thickness of the top layer for two nominal Si thicknesses. A linear relation-for small Fe thicknessthrough the origin is expected; however, a linear relation with an offset of the Fe thickness is found. This offset is seen to increase with increasing Si thickness. Linear regression fits yield offsets of 8. This observation can be understood if a nonmagnetic SiFe is formed. Using the molar volumes of bcc Fe V Fe 7.1 cm 3 ͞mole and a-Si V Si 12.1 cm 3 ͞mole and the ratio of missing Fe thickness and corresponding Si thickness above (0.57 or 0.64), one arrives at a stoichiometry of Si:Fe 1:1 [see Eq. (1), ratio 0.59]. The observed epitaxy indicates an ordered phase. On the basis of our x-ray diffraction measurements on sputtered multilayers we expect a bcc SiFe structure. These findings are consistent with a CsCl structure (B2) for the SiFe. However, detailed growth studies on sputtered and evaporated Fe͞Si multilayers have demonstrated convincingly that SiFe with a CsCl structure is formed; see, e.g., Chaiken et al. [17] . This phase of SiFe is metallic and its lattice mismatch of only 5.3% with Fe indeed allows epitaxial growth. Thus, the reaction becomes 1 mole Si 1 1 mole Fe ! 2 mole CsCl-type Si 0.5 Fe 0.5 , with V SiFe 6.4 cm 3 ͞mole, which reads in layer thicknesses
where t Si is the nominal thickness of the initial Si layer.
The reaction asymmetry (Fe on Si reacts, Si on Fe does not) can be understood from the wetting behavior [19] .
The assumption that Si 0.5 Fe 0.5 is formed can also be applied to other work such as that of den Broeder and Kohlhepp [15, 16] . They studied basically Fe͞Si multilayers with variations of FeSi alloy magnetic and spacer layers. Figure 3 (a) displays the saturation fields H s against the nominal spacer thickness. One may calculate the resulting thickness of the magnetic and spacer layers if precisely a Si 0.5 Fe 0.5 spacer is formed by absorbing Fe from the magnetic layers. Apart from changing the thickness of the spacer, this will also change the magnetic layer thickness resulting in different saturation fields. For comparison the transformed saturation fields H s,trans are also normalized to magnetic layers of 30 Å Fe, Fig. 3(b) . One of the interesting observations is that the descending data beyond the AF maximum coincide on a unified curve. This suggests that the same coupling across Si 0.5 Fe 0.5 may be responsible for the observed dependence in Fe͞Si based multilayers reported so far. For smaller spacer thickness the data deviate from this unified curve, as explained below.
For the present sample we find a similar behavior of the saturation field H s ; see Fig. 4 . The asymmetric peak with a long tail on the right clearly rules out oscillatory behavior but indicates a monotonic decay instead. At the maximum the coupling strength is approximately J Ӎ 2 1 2 t Fe m 0 M s H s 22.0 mJ͞m 2 . Below we will substantiate our claim that the reduced AF coupling strength at smaller thicknesses, yielding the misleading peaklike appearance, is caused by F coupling, probably through pinholes. To this purpose we also plot the normalized remanent Kerr signal in Fig. 4 . If the Kerr remanence were a measure of the AF coupling strength, it should correlate with H s , i.e., an increasing remanence with decreasing H s and vice versa. In particular, an increase would be expected from 7 Å Si 0.5 Fe 0.5 upwards, but this is not observed. It is more likely that the Kerr remanence is caused by a F coupled fraction in AF coupled regions of the sample and therefore a F-type loop contribution to an AFtype loop [15] . Indeed the disappearance of the Kerr remanence, less F coupling, coincides with the increase of H s at 6-7 Å where the interlayer AF coupling is restored. The increasingly dominant F coupling at thinner spacers correlates with the increasingly likely pinhole formation and is therefore probably of pinhole origin. In line with this, we remark that the more Fe is present in or near the initial spacer, the more likely it is that pinholes are formed. In other words, the cutoff thickness where pinholes start to reduce the AF coupling should increase in the order Fe 0.75 Si 0.25 ͞Si, Fe͞Si, Fe͞Si 0.5 Fe 0.5 , as observed in Fig. 3 . Because of F coupling (probably pinholes) at small spacer thicknesses and weak or no coupling (a-Si) at somewhat larger spacer thicknesses, the thickness dependence of the AF coupling strength across SiFe can be easily misinterpreted as a first single peak of an oscillation [12] .
For the present double wedge Fe͞SiFe͞Fe sample the thickness dependence of the coupling strength has been calculated from H j at various Fe wedge thicknesses. The result for 30.6 Å nominal Fe is shown in Fig. 5 .
Recently, Shi et al. have calculated that Si 0.5 Fe 0.5 in the CsCl structure with an Fe lattice constant, displays a peak in the DOS [9] . Consequently, an exponential thickness dependence of the coupling is expected [4, 20] :
A fit (solid line in Fig. 5 
yielding l B 6.9 6 0.6 Å (dashed line in Fig. 5 ). Bruno showed that both traveling and tunneling electron waves can be treated within the concept of complex FSs [2] . [2] . Real parts are given by solid lines, taken from [9] , and complex parts by dashed lines. The dashed (solid) arrow indicates the imaginary (real) critical vector.
Critical vectors of the real part of the complex FS yield oscillations and determine the period, whereas critical vectors of the imaginary part give rise to exponents and determine the typical length of the exponential decay l B . The complex FS of Si 0.5 Fe 0.5 in the CsCl structure is given in Fig. 6 (conventions as in [2] ). Solid lines represent the real part which is taken from Shi et al. [9] . We have qualitatively added the imaginary part (dashed lines). The coupling behavior is governed by critical vectors parallel to the [100] direction (GX) for the present (100) oriented samples [21] . From the imaginary critical vector in Fig. 6 an exponential contribution is expected. A crude estimation of the imaginary critical vector can be obtained from the position of the peak in the DOS calculated by Shi et al. [9] : E F 2 E peak 20.22 eV. The imaginary critical vector can be calculated using
and q i 2k i , which gives rise to a typical length for the exponential decay of q 21 i ͑0.48 Å 21 ͒ 21 2.1 Å [21] . Although there may not be a quantitative agreement for l B , the exponential behavior is qualitatively clear. Note that also a real critical vector exists; see Fig. 6 . A strong oscillatory coupling, however, is not expected because of the low DOS at the Fermi level [4, 9] .
According to the Bruno theory imaginary critical vectors give rise to stronger coupling for higher temperatures. Initially, such behavior was derived incorrectly from the remanence for Fe͞SiFe multilayers [14] . Other temperature studies yield the opposite: by focusing on the saturation field, which is more directly related to the AF coupling strength, a weaker coupling for higher temperatures has been established [15, 16] , in agreement with the model of Shi et al. [4] .
In conclusion, for nominal Fe͞SiFe͞Fe sandwiches alloying of Si and Fe has been deduced. There are strong indications that (metallic) Si 0.5 Fe 0.5 in the CsCl structure is formed. A new type of interlayer coupling, strongly AF and exponentially decreasing with increasing spacer thickness, has been observed and can be understood qualitatively both within the superexchange model of Shi et al. and the tunneling electron model of Bruno.
